Graphane is a two-dimensional system consisting of a single planar layer of fully saturated carbon atoms, which has recently been realized experimentally through hydrogenation of graphene membranes. We have studied the stability of chair, boat, and twist-boat graphane structures using first-principles density functional calculations. Our results indicate that locally stable twist-boat membranes significantly contribute to the experimentally observed lattice contraction. The band gaps of graphane nanoribbons decrease monotonically with the increase of the ribbon width and are insensitive to the edge structure. We also have studied the electronic structural characteristics in a hydrogenated bilayer graphene under a perpendicular electric bias. The bias voltage applied between the two hydrogenated graphene layers allows continuously tuning the band gap and leads a transition from semiconducting to metallic state. Desorption of hydrogen from one layer in the chair conformation yields a ferromagnetic semiconductor with tunable band gap.
Graphene, a single layer of an all-carbon hexagonal network, is an emerging material for applications in electronics and photonics [1] [2] [3] [4] . As a truly two-dimensional system and a zero-gap semiconductor, where the carriers behave as massless fermions, graphene possesses a number of outstanding electronic properties such as tunable carrier type and density [2] , exceptionally high earner mobility [3] , quantization of the conductivity [4] , and fractional quantum Hall effect (QHE) even at room temperature [2, [5] [6] [7] . These phenomena, particularly the QHE [5] , have elucidated many important aspects of quantum many-body systems [5] . The corresponding electronic states in graphene promote theoretical advances [8] [9] [10] [11] in studying strongly correlated fermions.
The extremely high carrier mobility makes graphene an ideal material for nanoelectronic applications, especially in field effect transistors [2, 6, 7] . Although graphene nanoribbon field effect transistors have been shown to exhibit excellent properties [12, 13] , mass production of graphene nanoribbon-based devices is beyond the capability of current lithography technology [14] . To develop increasingly small and fast transistors, it is desirable to have an energy gap [2, 3] . An alternative route to induce the formation of a band gap is through the hydrogenation of graphene [15, 16] . In contrast to complicated graphene-based structures such as quantum point contacts and quantum dots, chemical derivatives of graphene provide a unique tool for controlling electronic properties [17] . In order to utilize their remarkable electronic characteristics, it would be highly desirable to understand the associated electronic structures.
Functionalizing graphene by reversible hydrogenation can change the electronic properties from metallic to semiconducting owing to the induced changes of functionalized carbon from sp2 to sp3 hybridization [17] [18] [19] . The resultant hydrocarbon compound, graphane, can be modified into new materials, fine-tuning its electronic properties, and has opened up increasingly fertile possibilities in hydrogen storage and two-dimensional electronics [1] [2] [3] [4] [17] [18] [19] .
On the other hand, bilayer graphene has attracted a great deal of attention recently.
In bilayer graphene, the low energy excitations are one of the characteristics of massive On the basis of first-principles density functional calculations, Sofo, Chaudhari, and Barber predicted the stability and semiconducting behavior of graphane [21] , an extended two-dimensional fully saturated hydrocarbon derived from a single graphene sheet [21, 22] . Recent experiments by Elias and co-workers [15] demonstrated the graphane formation by exposing pristine graphene to atomic hydrogen. There exist drastic changes in the crystal structure of graphane such that the lattice spacing shrinks by as much as 5%, whereas the hexagonal symmetry remains intact. The experimentally observed lattice spacing [15] has a significantly broader variation than theoretically studied conformations of graphane [21, 22] . Theoretical work has considered two conformations: a chair-like conformer in which hydrogen atoms are alternating on both sides of the plane, and a boat-like conformer in which hydrogen atoms are alternating in pairs [21, 22] . In the ground state chair conformation of graphane, hydrogen attaches to graphene sublattices from two opposite sides and carbon atoms in the sublattices move out of the plane that yields the shrinkage of the in-plane periodicity. However, the change in hybridization from sp2 to sp3 leads to longer C-C bonds, which surpasses the lattice shrinkage by chair membrane buckling. The experimental observation of more compressed areas implies the existence of alternative membranes in the crystal structures of graphane, which results in stronger membrane buckling and shorter in-plane lattice spacing [15] .
Bringing graphene up to the level of technologically relevant material, however, depends on improved understanding and control of the structural properties. Specifically, an energy gap can be engineered by introducing lateral confinement such as in graphene nanoribbons [12, 13, 23, 24] , hydrogenated graphene [15, 20, 21] , or in biased bilayer graphene [6, 14, [25] [26] [27] [28] [29] [30] [31] [32] ; thereby generating a pathway for possible graphene-based nanoelectronic and nanophotonic devices. Here we present a study of different stable conformation of hydrogenated graphene and the electronic characteristics of graphane nanoribbons. We have studied the stability of chair, boat, and twist-boat graphane structures using first-principles density functional calculations. We also present the electronic structural characteristics in a hydrogenated bilayer graphene under a perpendicular electric bias. Desorption of hydrogen from one layer also focused. [15] . The incorporation of twist-boat membranes into the crystal structure of graphane is shown to preserve the semiconducting feature of graphane. Furthermore, a systematic study of the graphane nanoribbons shows that the band gaps of graphane nanoribbons decrease monotonically with the increase of the ribbon width and are insensitive to the edge structure.
Method
We have performed first-principles calculations for various graphane structures.
The structure and electronic properties of all conformations were investigated using firstprinciples density functional calculations. Perdew-Burke-Ernzerhof parametrization [35] of the generalized gradient approximation was used in all of the calculations. 
Geometry Details
In order to effectively search for stable crystal structures of graphane, it is instructive to make reference to distinctive configurations of cyclohexane (see top panel of Figure 2 .1) referred to as chair, boat, twist-boat, and chair-twist-boat. Due to the inherent tendency of the sp3 hybridization on tetravalent carbons, cyclohexane does not form a planar hexagonal arrangement. The chair isomer is the ground state configuration, while twist-boat is the second lowest-energy isomer. The chair conformation changes in the ring-flipping process, leading to the axial hydrogens becoming equatorial. Between the two stable chair states (with D3d symmetry), the twist-boat (with D2 symmetry), boat (with C2~, symmetry), and chair-twist-boat isomers can be constructed. The boat and twist-boat form may be isolable because-like the chair form-it stands for an energy minimum. The boat conformation is free from angle strain but has a higher energy than the chair form due to steric strain in connection to the flagpole interaction. The torsional strain in the boat conformation has a maximum value since two of the carbon bonds are fully eclipsed. This is to be contrasted to the chair conformer in which all bonds are staggered and complete absence of torsional strain, while the twist-boat has four partially eclipsed bonds. The counterparts of chair, boat, and twist-boat conformers of cyclohexane in twodimensional structures of graphane can be constructed accordingly. We illustrate in Figure 2 .1 the structures of chair, boat, and twist-boat conformations of graphane, along with a twist-boat-chair structure. The chair and boat structures coincide with configurations previously obtained using density functional calculations [21, 22] . The unit cell of the chair and boat conformation has P3m1 and Pmmn symmetries, respectively.
Consistent with the energy order of cyclohexane, the chair configuration is lower in energy and has less membrane buckling than those of the boat conformer.
The twist-boat configuration of graphane has more in-plane shrinkage than either chair or boat conformation. However, the twist-boat structure becomes unstable against the boat conformation in geometry optimization using first-principles calculations. Closer scrutiny of the geometry optimization process from a twist-boat structure of graphane to the boat configuration reveals that the additional energy cost is attributed to the fact that all carbon atoms in the unit cell participate in the bond-twisting process. By contrast, in cyclohexane, only four out of six carbon atoms mimicking a pair of twist bonds are involved in the optimization between boat and twist-boat forms.
Results and Discussion
It becomes clear that the experimentally observed graphane is unlikely to be in the single-crystal form of chair, boat, or twist-boat because each of those structures has only one or two distinctive in-plane lattice spacing, in contrast to a wide range of distributions observed experimentally [15] . Moreover, the twist-boat configuration is no longer stable against the boat structure. However, the instability of the twist-boat crystal structure does not preclude the existence of locally stable twist-boat membranes. To pursue this scenario, we show in Figure 2 .1 a twist-boat-chair configuration, which consists of adjacent twist-boat and chair membranes. Our first-principles calculation shows that the twist-boat-chair configuration is a stable structure of graphane, although the energy is slightly higher than the boat and chair conformations. Summarized in Table 2 .1 are the structural and electronic properties of the conformation as compared to those for graphene as well as chair and boat conformations of graphane. It is worth noting that, in the twistboat-chair configuration, locally stable twist-boat membranes are favored over boat ones since two carbon atoms in the membrane serve as linkage atoms for the neighbor chair membranes. The unit cell of twist-boat-chair structure has a P2/c symmetry with monoclinic angle 'y = 138.5°. Binding energy per carbon atom-Es, band gap-Eg, C-C bond length-a, associated planar projection of C-C bond length-ao, the in-plane lattice spacing-d.
An important ramification of our investigation of various graphane crystal structures is that the low energy conformations have no more than one parallel aligned nearest-neighbor hydrogen, as the hydrogen in the chair and boat has zero and one parallel aligned neighbor, respectively. On the other hand, the chair membranes in the twist-boat-chair structure may have two neighboring hydrogens. This trend is also A (see Table 2 .1). becomes difficult for the system to adopt the ground state chair conformation. As a result, the sequence of alternating hydrogens on both sides of the plane is broken, introducing other types of membranes into the crystal structure of graphane. Consequently, this leads in-plane lattice spacing in relation to that of the chair conformation.
We believe that the experimentally observed broad distribution of lattice spacings can be attributed, to a large extent, to the existence of membranes other than the chair form. In this regard, locally stable twist-boat membrane, as exemplified in twist-boatchair, is the prototype of low energy configurations with parallel-aligned nearest-neighbor hydrogensemif. Furthermore, as exemplified in the twist-boat-chair structure, the twistboat conformer serves as an effective link to neighboring chair conformers.
The band gap of the twist-boat-chair structure, together with that of the chair and boat conformations, can be extracted from the corresponding band structures illustrated in Figure 2 .3. The band structure for twist-boat-chair resembles an interpolation of those of chair and boat ones, and the corresponding band gap of 3.8 eV is very close to those obtained for chair and boat structures [21, 22] . In all of the cases, the graphane structures have direct gaps at the band center (F point). that the chair configuration is the lowest energy configuration, the energy for boat graphone of -9.88 eV is lower than that of -9.42 eV for chair graphone.
The reason for a band gap opening up in hydrogenated graphene can be attributed to the changes from sp2-bonded C atoms to sp3-bonded ones [21] . We have found that all the fully saturated graphane structures have a wide gap, including graphane nanoribbons.
Shown in Figure 2 As is readily observable in Figure 4 , the gaps of the ribbon decrease with Binding energy per carbon atom-EB, band gap-Eg, and the inter-layer bond length-l. Labels I and II refers to boat conformations with and without interlayer bonding, respectively.
While the opening and external tuning of energy gap between valence and conduction bands in Bernal stacking bilayer graphene [25, 26] hold great potential for logic applications, switching off the conduction to a desirable level remains challenging in epitaxial grapheme [7] . In this regard, it is of interest to investigate bilayer hydrogenated graphene that is semiconducting from the onset. Figure 3 .1 depicts the fully and half hydrogenated chair and boat conformations. As can be seen from Figure 3 .1, for the fully-hydrogenated structures a chemical bonding between the A-B' sites stabilizes both chair and boat conformations. In the latter case, the chemical bonding induces a structural transformation that deviates from the pattern of Bernal stacking.
Geometry Details
The geometry details are listed in Table 3 .1 along with the calculated binding energy and band gap. Analogous to graphane from the one-layer fully-hydrogenated graphene, the chair conformation [48] is the lowest energy conformation for fully hydrogenated bilayer, in agreement with previous first-principles density-functional predictions [21] . Furthermore, the corresponding chemical bonding between the bilayer remains stable with the desorption of hydrogen in one layer, resulting in a slight increase of the interlayer bonding distance from 1.54 A to 1.65 A (Table 3 .1). It is important to remark that while the inter-layer chemical bonding remains intact after desorption of hydrogen in one layer, the lowest energy configuration for one-sided hydrogenation is a boat conformation without the chemical bonding (Table 3 .1). The crucial differences between the hydrogen desorption in one layer and the one-sided hydrogenation should be of particular interest in the forthcoming discussions.
Results and Discussion
There have been a number of theoretical studies on opening up a band gap in the gapless bilayer graphene if an electric field is applied perpendicularly [49] [50] [51] [52] [53] . The effect of the electric field can be studied by adding a potential via the nuclear charges. Our calculations show that the bilayer graphene opens a gap of-j 0.23 eV by an electric bias of-~O.5 1 v/A. This is in agreement with other theoretical predictions and experimental observations. However, when the electric bias is further increased, the gap in the bilayer system collapses, and the system turns back to metallic with induced interlayer bonding A calculated band structures for bilayer graphane for chair conformation. As is readily observable from Figure 3 .2, the band gap decreases monotonically from about 3.24 to 0 eV with increase of electric bias. The critical bias for the semiconducting to metallic transition is estimated to be 1.05 vIA. We have carefully studied both scenarios. The desorption of the fully-hydrogenated chair conformation can be readily confirmed. However, the one-sided hydrogenation is much more involved due to the crucial dependence of the hydrogenation patterns, which favors a boat conformation at large hydrogen coverage that is non-magnetic.
Hydrogenation of graphene is reversible, providing the flexibility to manipulate its coverage [15] . The desorption of the hydrogen atoms from one side of graphane will result in a semi-hydrogenated bilayer graphene which is the counterpart of the monolayer "graphone" [14] . Graphone is a ferromagnetic semiconductor with a small indirect gap attributed to the breaking of the delocalized it-bonding network of graphene delocalization, which is associated with localized and unpaired electrons [14, 25] . Shown in Figure 
Conclusion
In summary, we have studied the electronic characteristics of biased bilayer graphane. The resultant hydrocarbon compound can be modified into new materials, finetuning its electronic properties. These studies have revealed increasingly fertile possibilities in hydrogen storage and two-dimensional electronics. These novel semiconducting behaviors result from a peculiar, effective transfonnation of sp2 to sp3 carbon and allow a continuously tunable band gap in biased bilayer graphane. A bilayer version can deliver yet another interesting feature of tunable band gap. This discovery paves the way for new electronic devices, from lasers that change color to electronic circuits that can rearrange themselves. The tunable band gap, which generally determines transport and optical properties, will enable flexibility and optimization of graphene based nanodevices. Moreover, our proposed desorption of hydrogen from one layer could provide a promising route to realize a ferromagnetic semiconductor in view of the crucial structural difference between monolayer graphone and the bilayer semi-hydrogenated graphene.
